Cell migration is important in many human processes of development and disease. In Cancer, migration can be related to metastasis or cell defects. A precise analysis of the cell shapes in biological studies could lead to insights about migration. Therefore, this paper describes an algorithm to iteratively segment, track and analyse the shape of macrophages from fluorescent microscopy image sequences. This process allows observation of shape variations as the cells migrate. The algorithm identifies and separates overlapping and non-overlapping cells, then for the non-overlapping cases analyses the shape and extracts a series of measurements, including the number of "corner" or pointy edges through a multiscale angle variation matrix, anglegram. The shape evolution algorithm was tested on fluorescently labelled macrophages observed on embryos of Drosophila melanogaster.
INTRODUCTION
Cell migration processes are essential in numerous areas, e.g in homoeostasis, where macrophages' roles range from tissue repair through to immune responses to pathogens [1] , but where excessive migration can lead to autoimmune diseases and cancer [2] . Macrophages are cells of the immune system that filter microbes and foreign particles when settled in lymphoid tissues and the liver [3] , these processes imply sophisticated migration mechanisms. The use of Drosophila Melanogaster as a model organism has led to insights about how the macrophages integrate cues to migration [4] .
A precise analysis of the cell shapes as they evolve through time could provide information for specific cells in biological studies, where sharp corners suggest an active migrating cell and rounded corners inactivity. The interactions amongst the cells' structures appear to anticipate migration [5] and different shape states could hint different movements. Such an analysis would require an accurate segmentation that incorporates shape information as it evolves through time. Segmentation of single frames and in the temporal context is a widely studied area [6] . Single frame segmentation of fluorescent microscopy images involves a broad variety of techniques, like automatic thresholding [7] , curve evolution techniques such as active contours, of active surfaces [8] .
On the other hand, tracking techniques have been used to follow link segmented cells into a track. Some techniques include the keyhole algorithm [9] or more sophisticated techniques that optimise both the tracking and the segmentation in conjunction [10] . In this work a framework to segment, track and analyse the shape of migrating macrophages is described.
MATERIALS AND METHODS

Macrophages embryos
Five hundred and forty one time frames with dimensions pn h , n w , n d q " p512, 672, 3q and two fluorescent channels (red = GFP-Moesin, green = Clip-GFP) were acquired as described in [5] . Figure 2 shows the temporal variation of one cell. Four basic shapes, Fig. 1 , can be recognised in the data: circles or ellipses, drops (one pointy edge like a water drop), bi-drops and tri-drops (similar to a drop but with more than one pointy edge). 
Synthetic data
A collection of 1000 images of basic shapes was generated with control points joined by cubic splines whose in- dependent variable ranged in τ P r0, 2πs . Let tY
The value of N depends on the type of basic shape: circle has 4, drop has 7, bi-drop has 8 and tridrop has 10. To model the variations in the cells' shapes, within their basic categories, the control points are distributed Normal. The control points are joined with a spline that then produces the boundary of the shape, B, which then models that of a segmented cell (Fig. 3 ). 
Shape tracking methodology
The shape of the cells was extracted from the green channel whilst the red channel was used to distinguish between individual and overlapping cells. Both channels were low pass filtered with a 5ˆ5 Gaussian kernel and then segmented by Otsu thresholding [11] . Finally, a morphological opening with a disk structural element (r " 3) was performed to smooth the edges and remove noise. As reported in [12] , this segmentation can be used to distinguish between overlapping groups of cells called clumps. This work focuses in tracking the non overlapping cells. The main functionality presented is a framework in which a cell shape can be tracked through a curve evolution algorithm. The PhagoSight package [9] was used to track the movement of the nuclei through time using the keyhole algorithm, and the segmentation of the green channel was used to determine which nuclei were involved in a clump. Clumps were removed from the analysis. The tracking produced unique labels for each of the tracks detected, as well as the position of each nuclei at each point in time. Each track is represented by T j , with j " 1, 2,¨¨¨, M being the number of tracks. Each T j contained the information regarding the positions of the centroid of the nuclei tx j,k u T k"1 as well as the time frames where the track was present t j,0 ,¨¨¨, t j,k ,¨¨¨, t j 0,T´1 for the T consecutive time frames. For simplicity, a time frame of an arbitrary track T is shown as t k .
Given a track T , the shape of a cell B k`1 at any time t k`1 can be determined by the shape of the previous frame B k , and the position change from t k into t k`1 of the red nuclei. LetB k be the shape B k when moved onto the position x k`1 . The shape B k`1 will be determined by evolvingB k the shape from the previous time frame, where I k corresponds to the image of the k th time frame (Algorithm 1). Every iteration of the algorithm involves loading the known frame t k , the position information from the unknown frame t k`1 , performing the evolution fromB k`1 to B k`1 and obtaining the region properties of the new cell shape, these include (i) the orientation, (ii) the ratio of the minor and major axes (aspect ratio), (iii) the solidity, and (iv) the equivalent diameter. The evolve function in Algorithm 1 implements 
11 end for the Chan-Vese active contour [13, 14] method in MAT-LAB ® . The function usesB as initialisation and is able to change its parameters based on one of three states: Shrink, Grow, or Normal ( Table 1 ). The active contour runs once, with a set of parameters, then the area of the output is compared to the area of the input. The parameters would be adjusted to contract or expand the shape and the active contour is re-run. To avoid an excessive segmentation leaking/contraction, the area of the output was kept within˘5% of the previous frame's area. 
Shape analysis through Anglegram
The anglegram [12] is a matrix which describes multiscale angle variation of a shape. The boundary of an object consists of a set of ordered points p i . The angles adjacent to each point are measured from the jth previous point p i´j to the following jth position p i`j are depicted as θ i,j " >p i`j p i p i´j . This collection of angles forms the anglegram matrix, of which the maximum intensity projection (MIP) per columns is calculated. To detect clumps, the angles of interest were those larger than one standard deviation (std) above the mean of the MIP. In this work, a similar idea is explored, but for acute angles, using the minimum intensity projection (mIP) and the threshold is one std below the mean. Implementing the anglegram matrix involves the detection of junctions that correspond to the corners of the analysed boundary. Figure 4 illustrates the junction detection functionality of the anglegram. The method works as reported in [12] , with two alterations: (i) resizing the anglegram to have 64 rows to reduce noise, and (ii) taking the mIP of the first half columns, as the final columns are lower by the definition of the inner point angle measurements. The corner detection method was tested on 70,000 randomly generated boundaries of the different types of shapes. Then, the corners were detected on the shapes of the cells being tracked for a qualitative assessment.
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RESULTS
Tests on the synthetic data were in the range of 86-95% correct detection ( Table 2 ). The method achieved the highest accuracy in the bidrop shape, and the lowest in the drop shape. Figure 6 displays the shape evolution of a track-fragment containing 50 frames in the dataset. Eight frames are shown with the moved boundary displayed in the dotted line (cyan--) and the evolved shape in the solid line (magenta-) (Top row). For visual assessment, the corners detected by the anglegram at each point are displayed as asterisks (yellow˚). The orientation and aspect ratio are plot together (middle row), and the number of corners and the measured angle (bottom row).
DISCUSSION
Preliminary work involving curve evolution methods such as multilevel set methods [15] and active contours [13] have proven unsuccessful to segment even non overlapping cells in the analysis of a single frame. Such techniques require considerable precision when selecting the parameters, especially when selecting the initialisation given to the algorithms. In this work, a method to segment moving cells was proposed. The main contribution was to provide a framework for the consistent tracking of the shape of a cell and provide a measured evolution of some shape parameters. As shown in Figure 6 , the similarity of the previous frame to the current is enough to provide an appropriate initialisation for the active contours, however, as shown in Table 1, monitoring of the shape is necessary to avoid segmentation leaking. A new implementation of the anglegram matrix allowed for the analysis of a single cell with a straightforward identification of corners in the shapes. Future developments involve extending the shape tracking into overlapping cells to disambiguate them. Furthermore, as seen in Figure 5 , the distinctive patterns of the anglegrams corresponding to the basic shapes, could be further explored into a classification problem for shape identification or correction of irregular segmentations.
